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[1] A case is made to show that all continental summer
monsoon regions of the globe are manifestations of strong,
coupled ocean-land-atmosphere interactions. It is shown
from observations that the auto-decorrelation time of the
daily rainfall in the summer monsoon regions is usually in
excess of 3 days. This characteristic feature of the monsoon
rainfall is well simulated in a global coupled ocean-land-
atmosphere model. The atmospheric general circulation
model component integrations of the same coupled model
forced with observed SST show a distinctly shorter auto-
decorrelation time of the daily monsoon precipitation. An
obvious conclusion is that air-sea coupling is essential for
this feature of the monsoon rainfall to be simulated. But
through additional diagnostic calculations it is also shown
that the robust land-atmosphere interactions over these
regions also contribute to the lengthening of the auto-
decorrelation time of the daily continental summer monsoon
rainfall. Citation: Misra, V. (2008), Coupled interactions of the
monsoons, Geophys. Res. Lett., 35, L12705, doi:10.1029/
2008GL033562.

1. Introduction

[2] Monsoon signifies a strong annual cycle with sea-
sonal reversal of winds. Several regional monsoons have
been identified that essentially relate to this feature of the
strong annual cycle [7renberth, 2005, and references there-
in]. In the context of the Asian-Australian monsoon there
is evidence to suggest that it is a coupled ocean-land-
atmosphere phenomenon [Webster et al., 1998; Wang,
2005, and references therein]. On the other hand in relation
to the other regional monsoons like the North American,
South American and the West African monsoons this
concept is still under investigation [Saha et al., 2005; Nobre
et al., 2006; Cook and Vizy, 2006; Joly et al., 2007].

[3] Despite the large seasonal variations of the monsoons,
the monsoon prediction skills at seasonal to interannual
scales have been rather small [Kang and Shukla, 2005;
Krishnamurti et al., 2005; Nobre et al., 2006; Cook and
Vizy, 2006; Thiaw and Mo, 2005]. The overbearing influ-
ence of the internal dynamics of the atmosphere [Kang and
Shukla, 2005], the strong scale interactions [Krishnamurti et
al., 2003], inadequate resolution of the climate models
[Krishnamurti et al., 1998], and a delicate balance of remote
and local forcing [Grimm et al., 2003; Huang and Shukla,
2007a, 2007b; Douville et al., 2006], are some of the main
reasons for the rather low predictability of the monsoons by
the current climate models.
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[4] The importance of air-sea interaction on predictability
at seasonal to interannual scales has been demonstrated in
several studies [Bretherton and Battisti, 2000; Barsugli and
Battisti, 1998; Wang et al., 2005; Wu et al., 2006]. These
studies in general point that air-sea fluxes are not properly
represented in AGCM integrations resulting in either re-
duced or erroneous atmospheric variability.

[5] In this study we hone in on one feature of the
monsoon i.e., the relatively long auto-decorrelation (here-
after decorrelation) time of the daily monsoon precipitation.
In Figures la and 1b we show the decorrelation time (in
days) of global precipitation from the Global Offline Land
Data assimilation (GOLD) [Dirmeyer and Tan, 2001]
product. GOLD uses hybrid sets of meteorological forcing
data including precipitation that have been produced
for example by combining the ERA 40 reanalysis [Uppala
et al., 2005] with Global Precipitation Climatology Centre
(GPCC) [Rudolf et al., 1994] monthly precipitation
estimates. Our preference to use this GOLD data set stems
from its longer period of availability (1960—2002) of global
daily precipitation at around 2° horizontal resolution.
Figures la and 1b are qualitatively consistent with other
regionally available high-resolution data sets of rain gauge
precipitation.! Furthermore, GOLD provides land-surface
state variables and fluxes consistent with the meteorological
forcing (used for verification in this study). It is apparent
from Figure la that the decorrelation time of daily precip-
itation is in excess of 3 days in the Boreal winter season
over tropical South America, northern Australia, Southern
and near equatorial Africa. Similarly in the Boreal summer
season the decorrelation time is in excess of 3 days over
India, China, equatorial and sub-Saharan Africa, Mexico
and Southwest US.

[6] The rest of the paper is dedicated to understanding
the mechanism of this feature of the monsoons. Two model
integrations, integrated to several decades, one in which
air-sea coupling is included and the other in which the
AGCM component is forced with observed SST are com-
pared and assessed for their decorrelation time of the daily
precipitation.

2. Model Description and Experiment Design

[7] The Center for Ocean-Land-Atmosphere Studies
(COLA) coupled climate model [Misra et al., 2007; Misra
and Marx, 2007] is used in this study. A brief outline of the
AGCM and OGCM of the coupled model are provided in
the auxiliary material. The coupled model result presented
here is from a 100-year integration. The coupled mean state
of the model was well spun-up before the start of the
integration [Misra and Marx, 2007]. This experiment is

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL033562.
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Figure 1. Decorrelation time of daily precipitation in boreal winter from (a) GOLD, (¢) COUPLED, and
(e) UNCOUPLED and in boreal summer from (b) GOLD, (d) COUPLED, and (f) UNCOUPLED simulations. The

units are in days.

hereafter referred to as COUPLED. Similarly, the
AGCM identical to that used in the COUPLED exper-
iment is integrated for 100 years from 1901-2000 with
observed SST from optimally interpolated version 2
(O12) following Reynolds et al. [2002]. This experiment
hereafter is called UNCOUPLED. The results are how-
ever presented from the last 50 years of both the model
integrations. This is primarily because the daily data
were saved for this period, which is extensively used in
the following analysis.

3. Results
3.1. Role of Air-Sea Coupling

[8] In Figures 1c—1f the decorrelation time of the daily
precipitation from the COUPLED and the UNCOUPLED

integrations are shown for the two seasons. It is seen from
Figure 1 that the COUPLED model simulates this feature
far better than the UNCOUPLED version of the model. The
UNCOUPLED model (Figures le and 1f) in the Boreal
winter (summer) shows some relative lengthening of the
decorrelation time of precipitation over parts of South
America, northern Australia, southern Africa, and Micro-
nesia (eastern India and China, central America and
Mexico, and sub-Saharan Africa). But the COUPLED
run (Figures lc and 1d) exhibits a more reasonable
decorrelation time of the summer monsoon precipitation
both qualitatively and quantitatively in comparison with
the GOLD data set. However, the COUPLED integration
(in Figure Ic) displays model bias such as the shorter
(longer) decorrelation time over northern Australia, and
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Figure 2. Wavenumber-frequency spectra averaged from 5°N—25°N for June—July—August—September season of OLR
bandpass filtered for periods between 2—60 days from (a) observations [Liebmann and Smith, 1996], (b) COUPLED, and
(¢) UNCOUPLED simulations. (d) The ratio of the power spectrum of the COUPLED to the UNCOUPLED simulation.
The units of power are W?m™~*/cpd.
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Figure 3. The correlation of twice-removed triad precipitation for winter season of DJF from (a) GOLD, (c) COUPLED,
and (¢) UNCOUPLED simulations and from summer season of JJA from (b) GOLD, (d) COUPLED, and (f) UNCOUPLED
simulations. Only significant values at 90% confidence interval according to t-test are shaded over land.

over winter monsoons of India and China (south central
Africa). Similarly, in the Boreal summer (Figure 1d) the bias
of shorter (longer) decorrelation time of the winter South
American monsoon (sub-Saharan Africa) is quite apparent.
It is obvious then from Figure 1 that air-sea coupling is
important to simulate this feature of the monsoons. This
suggests that air-sea coupling extends the memory of the
day-to-day precipitation events over the monsoon region.
This is primarily a result of the enhancement of the sub-
seasonal atmospheric variability that results in more “on-
shore” precipitation over the continental monsoon region in
the COUPLED simulation. This is shown in Figure 2, which
shows the power spectrum of OLR from observations, the
COUPLED and the UNCOUPLED simulations for the

Boreal summer season averaged between 5°N—25°N (boreal
summer monsoon latitudes). The power spectrum is plotted
after band pass filtering the OLR through a fourth order
recursive Butterworth filter between 2—60 days. Although
neither of the two simulations are able to capture the strong
observed intraseasonal variance (>30 days), the COUPLED
simulation exhibits more variance than the UNCOUPLED
at sub-seasonal (<30 days) time scales. Furthermore, the
westward propagating anomalies associated with tropical
disturbances in the 5—10 days range has more variance in
the COUPLED simulation than in the UNCOUPLED. Like-
wise in the Boreal winter season the COUPLED model
exhibits more sub-seasonal variance than the UNCOUPLED
integration (not shown).
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Figure 4. The total number of days when significant correlation (according to t-test at 90% confidence interval) exists
over land when evaporation leads precipitation (using daily data) in Boreal winter from (a) GOLD, (c) COUPLED, and
(e) UNCOUPLED and in Boreal summer from (b) GOLD, (d) COUPLED, and (f) UNCOUPLED simulations. The units

are in days.

[s] An equally relevant aspect of the change in the length
of the decorrelation time of daily summer monsoon rainfall
is related to the land-atmosphere feedback described in the
following sub-section.

3.2. Land Feedback

[10] The Global Land-Atmosphere Coupling Experiment
(GLACE) [Koster et al., 2006; Guo et al., 2006] pinpointed
to “hotspots” over Africa, central North America and India
where multiple models showed robust land-atmosphere
coupling. It is contended, based on GLACE results that
the differences between the two model simulations shown
here are a result of the added contribution of the land surface
evaporation feedback on the precipitation. This part of the
land-atmosphere feedback is described to be uncertain

[Koster et al., 2003]. This is partly because observations
are limited. Furthermore, it is extremely difficult to extricate
the causality between the two variables that mutually influ-
ence each other. A common approach in the past has been to
compare two AGCM simulations, one being the control and
the other in which the land-feedback to atmosphere is
artificially shut off [Koster et al., 2003]. However, in a
coupled ocean-land-atmosphere framework the plausibility
of SST’s changing due to “no land feedback” can defeat the
purpose of isolating the contribution of the land feedback to
climate anomalies. In this study we shall therefore resort to
diagnostics that will serve to support at least qualitatively the
idea of land-atmosphere feedback on continental scale as an
important contributor to the divergence of the solutions
between the COUPLED and UNCOUPLED simulations.
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[11] In Figure 3 following Koster et al. [2003], the
correlation of twice-removed triad precipitation from
GOLD, COUPLED and UNCOUPLED simulations are
shown. In effect this shows the average of the correlations
between precipitation of one triad (say days 1-3) with the
precipitation two triads later (say days 6—9) in a given
season. Presumably, if land-atmosphere feedback contrib-
utes to prolonging rainy or dry periods then this should be
reflected in these temporal correlations. In Figure 3a the
GOLD analysis indicates significant correlations over
northern Australia, parts of tropical South America and
Africa. The COUPLED simulation (Figure 3c) captures this
correlation fairly well (with the exception over northern
Australia) while the UNCOUPLED simulation (Figure 3e)
shows relatively very weak correlations over these areas.
Similarly, in the Boreal summer the COUPLED simulation
(Figure 3d) and GOLD data (Figure 3b) indicate significant
correlations over the Asian monsoon regions of India and
China, the north American monsoon region of southwest
US and Mexico and over the west African monsoon region
suggesting a strong land-atmosphere feedback mechanism
following Koster et al. [2003]. The UNCOUPLED simu-
lation (Figure 3f) shows a far less resemblance to GOLD
(Figure 3b) although, it is able to weakly differentiate the
summer monsoon regions.

[12] In Figure 4 the number of contiguous days when
(statistically) significant (according to t-test) correlation
exists between evaporation and precipitation (with the
former leading the latter) is shown for both seasons. Clearly,
in Figures 4a—4d, longer lead times are seen over the
summer monsoon regions, relative to its winter counterpart
in both the GOLD data set and in the COUPLED simula-
tion. This lead-time of the evaporation leading the precip-
itation by over 4 days in the summer monsoon regions
suggests the strong influence of the local evaporative fluxes
on extending the memory of the day-to-day precipitation
events. It is also consistent with the relatively longer
decorrelation time of the daily summer monsoon rainfall
(Figure 1). However unlike the COUPLED run, the
UNCOUPLED simulation has a shorter lead-time between
evaporation and precipitation in the summer, reflecting a
weak land-atmosphere feedback (Figures 4e and 4f). But the
UNCOUPLED simulation as in the previous figure is able
to identify the summer monsoon regions with this metric,
albeit weakly.

4. Conclusions

[13] In this study it is shown that all regional monsoons
exhibit coupled interactions of the ocean-land-atmosphere.
The relatively long auto-decorrelation time of the summer
monsoon rainfall is identified as a product of these coupled
interactions. It is shown that this feature of the summer
monsoon (of its extended memory of daily precipitation) is
related to the strong land-atmosphere feedback. However,
this feedback is best simulated when air-sea coupling is
included in the modeling framework. By inclusion of the
air-sea interaction in the modeling system, the propagating
sub-seasonal variability is enhanced causing more “on-
shore™ precipitation. This study provides hope of improv-
ing the monsoon prediction skills as the community
slowly moves towards an era of using coupled ocean-
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land-atmosphere modeling framework for prediction at all
spatio-temporal scales.

[14] Acknowledgments. This research was supported by grants from
NSF (0334910), NOAA (NA040OAR4310034 and NA0O7OAR4310221)
and NASA (NNG04GG46G).

References

Barsugli, J. J., and D. S. Battisti (1998), The basic effects of atmosphere-
ocean thermal coupling on midlatitude variability, J. Atmos. Sci., 55,
477-493.

Bretherton, C. S., and D. S. Battisti (2000), An interpretation of the results
from atmospheric general circulation models forced by the time history of
the observed sea surface temperature distribution, Geophys. Res. Lett., 27,
767-770.

Cook, J.-H., and E. K. Vizy (2006), Coupled model simulations of the West
African monsoon system: 20th century simulations and 21st century
predictions, J. Clim., 19, 3681-3703.

Dirmeyer, J.-H., and L. Tan (2001), A multi-decadal global land-surface
data set of state variables and fluxes, COLA Tech. Rep. 102, 46 pp., Cent.
for Ocean-Land-Atmos. Stud., Calverton, Md. (Available from fip://
grads.iges.org/pub/lba/102ctr_dirmeyer_tan.pdf)

Douville, H., S. Conil, S. Tyteca, and A. Voldoire (2006), Soil moisture
memory and West African monsoon predictability: Artefact or reality?,
Clim. Dyn., 28, 723-742, doi:10.1007/s00382-006-0207-8.

Grimm, A. M., S. Ferraz, and J. Gomez (2003), The El Nino impact on the
summer monsoon in Brazil: Regional processes versus remote influences,
J. Clim., 16, 263—280.

Guo, Z., et al. (2006), GLACE: The Global Land Atmosphere Coupling
Experiment. Part II: Analysis, J. Hydrometeorol., 7, 611-625.

Huang, B., and J. Shukla (2007a), Mechanisms for the interannual varia-
bility in the tropical Indian Ocean. Part I: The role of remote forcing from
the tropical Pacific, J. Clim., 20, 2917-2936.

Huang, B., and J. Shukla (2007b), Mechanisms for the interannual varia-
bility in the tropical Indian Ocean. Part II: Regional processes, J. Clim.,
20, 2937-2960.

Joly, M., A. Voldoire, H. Douville, P. Terray, and J.-F. Royer (2007),
African monsoon teleconnections with tropical SSTs: Validation and evo-
lution in a set of IPCC4 simulations, Clim. Dyn., 29, 1-20, doi:10.1007/
500382-006-0215-8.

Kang, I.-S., and J. Shukla (2005), Dynamical seasonal prediction and
predictability of monsoon, in The Asian Monsoon, edited by B. Wang,
pp. 585-612, Praxis, Chichester, U. K.

Koster, R. D., M. J. Suarez, R. W. Higgins, and H. M. Van den Dool (2003),
Observations evidence that soil moisture variations affect precipitation,
Geophys. Res. Lett., 30(5), 1241, doi:10.1029/2002GL016571.

Koster, R. D., et al. (2006), GLACE: The Global Land-Atmosphere
Coupling Experiment. Part I: Overview, J. Hydrometeorol., 7, 590—610.

Krishnamurti, T. N., H. S. Bedi, and W. Han (1998), Organization of con-
vection and monsoon forecasts, Meteorol. Atmos. Phys., 67, 117—134.

Krishnamurti, T. N., D. R. Chakraborty, N. Cubukcu, L. Stefanova, and
T. S. V. V. Kumar (2003), A mechanism of the Madden-Julian Oscilla-
tion based on interactions in the frequency domain, Q. J. R. Meteorol.
Soc., 129, 2559-2590.

Krishnamurti, T. N., T. S. V. Vijaya Kumar, and A. K. Mitra (2005),
Seasonal climate prediction of the Indian Summer Monsoon, in The
Asian Monsoon, edited by B. Wang, pp. 553582, Praxis, Chichester,
U. K.

Liebmann, B., and C. A. Smith (1996), Dexcription of a complete (inter-
polated) outgoing longwave radiation dataset, Bull. Am. Meteorol. Soc.,
77, 1275-1277.

Misra, V., and L. Marx (2007), Manifestation of ermote response over the
equatorial Pacific in a climate model, J. Geophys. Res., 112, D20105,
doi:10.1029/2007JD008597.

Misra, V., et al. (2007), Validating and understanding ENSO simulation in
two coupled climate models, Tellus, Ser. A, 59, 292—308.

Nobre, P., J. A. Marengo, 1. F. A. Cavalcanti, and G. Obregon (2006),
Seasonal-to-decadal predictability and prediction of South American Cli-
mate, J. Clim., 19, 5988—6004.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes, and W. Wang
(2002), An improved in situ and satellite SST analysis for climate,
J. Clim., 15, 1609-1625.

Rudolf, B., H. Hauschild, W. Reuth, and U. Schneider (1994), Terrestrial
precipitation analysis: Operational method and required density of point
measurements, in Global Precipitation and Climate Change, NATO ASI
Ser. I, vol. 26, edited by M. Desbois and F. Desalmond, pp. 173—186,
Springer, New York.

Saha, S., et al. (2005), The Climate Forecast System at NCEP, J. Clim., 19,
3483-3517.

6 of 7



L12705

Thiaw, W. M., and K. C. Mo (2005), Impact of sea surface temperature and
soil moisture on seasonal rainfall prediction over the Sahel, J. Clim., 18,
5330-5343.

Trenberth, K. (2005), The Asian monsoon: Global perspectives, in The
Asian Monsoon, edited by B. Wang, pp. 6787, Praxis, Chichester, U. K.

Uppala, S. M., et al. (2005), The ERA-40 re-analysis, Q. R. Meteorol. Soc.,
131, 2961-3012.

Wang, B. (Ed.) (2005), The Asian Monsoon, Praxis, Chichester, U. K.

Wang, B., Q. Ding, X. Fu, L.-S. Kang, K. Jin, J. Shukla, and F. Doblas-Reyes
(2005), Fundamental challenge in simulation and prediction of sum-
mer monsoon rainfall, Geophys. Res. Lett., 32, L15711, doi:10.1029/
2005GL022734.

MISRA: COUPLED INTERACTIONS OF THE MONSOONS

L12705

Webster, P. J., V. O. Magana, T. N. Palmer, J. Shukla, R. A. Tomas, M.
Yanai, and T. Yasunari (1998), Monsoons: Processes, predictability, and
the prospects for prediction, J. Geophys. Res., 103, 14,451—14,510.

Wu, R., B. P. Kirtman, and K. Pegion (2006), Local air-sea relationship in
observations and model simulations, J. Clim., 19, 4914—-4932.

V. Misra, Center for Ocean-Land-Atmosphere Studies, 4041 Powder Mill
Road, Suite 302, Calverton, MD 20705, USA. (misra@cola.iges.org)

7 of 7



Supplementary Material

DJF JUA
60N -
50N
40N -
30N
20N -
10N ; . . i
120W 90w 60W 120w 90W 50W
DJF JUA
10N 1
EQ
105+ ?
205 -
LY
3051 .
40S 1
505 - - C - d
60s 1+ r : : : :
80W  GOW  40W 80W 6OW  40W
DJF JUA

35N 1

30N -

25N 1

20N 1

15N 1

10N 1

NI

70E 80E 90E  100E

——— [ I
2 3 4 5

Decorrelation time of daily precipitation for Boreal winter and summer seasons
from gridded rain gauge observations over the a, b) US and Mexico at 1°
resolution covering a period from 1948-2001 (Higgins et al., 2004), c, d) over
eastern Brazil at 1° resolution covering a period from 1940-2005 (Liebmann
and Allured, 2005) and e, f) over India at 1° resolution covering a period from
1951-2003 (Rajeevan et al. 2006).



Model Description

The Center for Ocean-Land-Atmosphere Studies (COLA) coupled climate model
(Misra et al. 2007, Misra and Marx 2007) is used in this study. A brief outline of the
COLA AGCM is provided in Table 1. Similarly, a brief outline of the OGCM is
provided in Table 2. The COLA AGCM is run at T62 spectral truncation with 28 sigma
levels. The OGCM has a uniform zonal resolution of 1.5° while the meridional resolution
is 0.5° between 10°S and 10°N gradually increasing to 1.5° at 30°N and 30°S and fixed at
1.5° in the extratropics.

Table 1: A brief outline of the COLA AGCM V3.2

Feature Reference
(Moorthi and Suarez 1992;
1 Convection
Bacmeister et al. 2000)
2 Planetary boundary layer Hong and Pan (1996)
3 Radiation Collins et al. 2006
Xue et al. 1996; Dirmeyer
4 Land Surface
and Zeng (1999)
5 Diagnostic clouds and optical properties Kiehl et al. 1998




Table 2: A brief outline of the OGCM (MOMa3.0) of the COLA coupled model

Feature Reference
1 Vertical mixing Large et al. (1994)
2 Momentum mixing Smagorinsky (1963)
3 Tracer mixing Redi (1982)
Gent and McWilliams
4 Quasi adiabatic stirring
(1990)
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